Abstract
Thermodynamic properties and detailed chemical kinetic models have been developed for the combustion of two oxygenates: methyl butanoate, a model compound for biodiesel fuels, and methyl formate, a related simpler molecule. Bond additivity methods and rules for estimating kinetic parameters were adopted from hydrocarbon combustion and extended. The resulting mechanisms have been tested against the limited combustion data available in the literature, which was obtained at low temperature, subatmospheric conditions in closed vessels, using pressure measurements as the main diagnostic. Some qualitative agreement was obtained, but the experimental data consistently indicated lower overall reactivities than the model, differing by factors of 10 to 50. This discrepancy, which occurs for species with well-established kinetic mechanisms as well as for methyl esters, is tentatively ascribed to the presence of wall reactions in the experiments. The model predicts a region of weak or negative dependence of overall reaction rate on temperature for each methyl ester. Examination of the reaction fluxes provides an explanation of this behavior, involving a temperaturedependent competition between chain-propagating unimolecular decomposition processes and chain-branching processes, similar to that accepted for hydrocarbons. There is an urgent need to obtain more complete experimental data under well-characterized conditions for thorough testing of the model.
Introduction.
Fuels derived from vegetable oils and animal fats offer an alternative to petroleum products for diesel engine combustion. These biodiesel fuels are attractive because of their low sulfur content, which allows the use of a catalyst to remove NO x from lean-burn engine exhaust to meet new stringent, governmental emission standards. Biodiesel fuels are also renewable fuels, which have low impact on global warming, and which can help limit dependence on foreign-derived fuel supplies. With oxygen content typically 10% or greater by mass [1] , biodiesel fuels may also provide soot-reduction benefits similar to those observed for other oxygenated diesel fuels and additives [2] . Although oxygenated fuels do not directly reduce NO x emissions, their soot reduction capabilities increase flexibility in the choice of engine operating conditions for controlling NO x emissions.
For engine applications, biologically derived fatty acids are ordinarily converted into methyl or ethyl esters, to improve physical properties such as viscosity and melting and boiling points. Typical biodiesel fuels consist of mixtures of saturated and unsaturated methyl esters, containing carbon chains 12 or more atoms in length [1] . [5, 7, 9] are available for methyl formate.
Methyl butanoate [6, 8] exhibited a negative temperature coefficient (NTC) region, with a peak in the maximum reaction rate occurring at about 585 K. No NTC behavior was observed for shorter-chain methyl esters including methyl formate [6] .
Associated with NTC behavior is the occurrence of cool flames [10] . Cool flame limits, based on observations of luminosity, were reported for methyl butanoate [8, 11] , while no cool flames were seen for shorter-chain methyl esters [8] including methyl formate [11] .
More recently Barronet and Brocard [12] summarized cool flame and NTC observations and proposed a criterion for their occurrence based on the availability of relatively fast isomerization pathways for alkyl peroxy radicals derived from the fuel. As several alkyl peroxy radicals derived from methyl butanoate can participate in rapid isomerization reactions, the criterion successfully predicts NTC behavior and cool flames for this compound. However, methyl formate meets the criterion as well, through transfer of an aldehydic hydrogen via a 6-member ring. Barronet and Brocard attribute its lack of NTC and cool flame behavior to its low enthalpy of combustion.
Model Development
Chemical kinetic calculations were performed with the Senkin code [13] , which requires thermodynamic and kinetic data as input. Thermodynamic properties of the methyl esters and their decomposition products were estimated using group additivity [14] as implemented in the THERM code [15] with updated group values [16] [17] [18] .
Several new bond dissociation groups developed to predict radical properties are listed in Table 1 .
The full chemical kinetic mechanism is available from the corresponding author (email: emf4@cornell.edu). For the most part, it follows the rules developed by Curran et al. [20] for n-heptane, as updated an iso-octane study [18] . Because the C-H bond strength for the C adjacent to the carbonyl in methyl butanoate was very close to the value for tertiary carbon (96.2 vs. 96.5 kcal/mole), the rules for tertiary carbon were used for this site. The following classes of reaction were added or changed: (1) Fuel H abstraction by RO 2 species formed from the fuel was given half the rate for H abstraction by HO 2 . (2) Abstraction of the aldehydic H in species with two carbonyl groups was given rates based on aldehydic H abstraction. (3) A new approach for OH and O addition to olefinic species was based on propene literature. [21] [22] [23] . (4) For radical attack on cyclic compounds, Evans-Polyani relations were used for activation energy estimates, representing each C-H bond 94 kcal/mole or weaker with its own set of abstraction reactions. In some cases the product distribution was chosen for convenience rather than to represent products specific to the radical attack site.
The following changes were made in the rules for obtaining rate constants: (1) For isomerization of ester radicals, values of ring strain contributions to activation energy recommended by Benson for alkyl radicals [14] were used. For the RO 2 (alkyl peroxy analog) and O 2 QOOH (hydroperoxy alkylperoxy analog) species derived from the esters, the Curran's ring strain values were used [20] .
(2) Preexponential factors for isomerization of these three classes of species were obtained respectively by RADICALC [24] calculations of the transition state, by matching rate constants to those of Curran et al. at 700K, and by adjusting preexponential factors for RO 2 isomerization to account for new degeneracy. (3) For QOOH (hydroperoxyalkyl analog) scission to form olefin, carbonyl, and OH a reverse reaction rate comparable to that for the reverse of alkyl radical beta scission was used. (4) Several specific reaction rates were chosen by analogy with rates for oxygenated species, instead of using the rules developed for alkanes and their derivatives. These reactions fall mainly into the following categories:
beta scission, unimolecular fuel decomposition, and RO (alkoxy analog) decomposition.
The methyl butanoate and methyl formate submechanisms were added to an updated version of [18] existing n-heptane mechanism [20] . Reactions involving larger hydrocarbons (C4 and higher) were removed to speed calculations. The exclusion of higher hydrocarbons had a minimal effect on calculated results with these ester fuels.
Computational Results: Comparison with Literature Data
Calculations were performed for comparison with static reactor experimental results [5] [6] [7] [8] following the idealized description of experimental conditions provided:
namely, combustion was assumed to take place isothermally and at constant volume.
Two types of results were compared: the maximum value of the derivative of pressure with respect to time (dP/dt max ), and the induction time, defined as the time at which dP/dt max occurred [6] . dP/dt max , which Parsons and Danby [5] indicate is related to the maximum reaction rate, was obtained from calculated pressure by numerical differentiation. In the experiments, pressure was measured with a manometer (probably recorded manually) and thus would not have been able to resolve pressure changes more quickly than every several seconds; computed pressure derivatives did not take into account the manometer response time.
Calculations consistently indicate that combustion is more rapid than is observed experimentally. Fig. 1 shows the calculated and experimental [6] values of dP/dt max for the two methyl esters, as functions of the inverse of temperature. For comparison, Fig. 2 shows the same type of experimental data for propane and propene [25] , along with computational results obtained with the hydrocarbon submechanism used in the ester calculations. The present reaction mechanism is based on ones used successfully to model propene oxidation in closed vessels [23] and low-temperature chemistry of propane in flow reactors [26] [27] were added to the mechanism. Rates for these reactions were chosen to be equal to the collision rate of the species on the wall, multiplied by a constant "efficiency." The vessel volume (0.25 liter) was assumed to be spherical and well-mixed. An efficiency of 1.325% for all relevant species brought induction time and dP/dt max into agreement with experiment near the middle of the experimental temperature range for methyl butanoate.
However, it overcorrected the methyl formate dP/dt max results.
Further indications of overall reactivity are provided in Fig. 3 , which shows calculated and observed [6] Reaction pathway analysis provides an explanation for the methyl butanoate's NTC behavior similar to that accepted for hydrocarbon fuels, e.g. [20] . NTC behavior can be explained by examining the net creation and destruction of radicals in pathways available to the fuel molecule and its derivatives. In this isothermal system, chain branching processes (which increase the radical pool) have a particularly important effect on the overall reaction rate. At two points in the combustion process, there is a competition between (1) unimolecular decomposition pathways leading almost exclusively to chain propagation reactions, and (2) addition to O 2 , which leads much more frequently to chain branching reactions. The first competition occurs for radicals formed directly by H abstraction from the fuel. These species can either decompose by beta scission, to produce one radical and one stable molecule, or can add to O 2 , which in some cases (see below) produces more than one radical. The second competition occurs for the QOOH species formed by isomerization of the O 2 addition products of the initial radicals. These species, too, can either decompose unimolecularly, to a radical and either an epoxide-like species or an olefinic species, or can add to O 2 . The products of this second O 2 addition process invariably lead to chain branching processes --by formation either of OH and a ketohydroperoxide-like species or of HO 2 and an olefinic hydroperoxide species. The stable species formed in this way readily decompose to form two radicals.
In each of these competitions, the rate of the unimolecular decomposition process (producing no net radicals) increases more rapidly with increasing temperature than that of the O 2 addition process (ultimately producing as many as two net radicals). Thus although all rates increase as temperature increases, higher temperatures favor the chainpropagating processes over the chain branching ones, leading to a net decrease in reactivity over some temperature range. This change can be illustrated for the conditions Methyl formate follows a similar pattern, with a shift to chain-propagating unimolecular decomposition reactions when temperatures increase through the NTC region. Its low-temperature branching processes are different from those of methyl butanoate. At 615 K and 50% fuel destruction, chain branching proceeds largely through RO 2 radicals abstracting H atoms from other molecules, rather than undergoing internal H-atom abstractions via isomerization reactions as discussed for methyl butanoate.
Peroxy radicals react with stable species such as H 2 O 2 , forming a radical and a stable hydroperoxide species that decomposes to form radicals, with a net chain branching effect. This hydroperoxide route is observed for methyl butanoate as well, but is less important than the second O 2 addition process.
Summary and Conclusions
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